We analyze the spin anisotropy of the magnetic susceptibility of Sr2RuO4 in presence of spin-orbit coupling and anisotropic strain using quasi-two-dimensional tight-binding parametrization fitted to the ARPES results. Similar to the previous observations we find the in-plane polarization of the low q magnetic fluctuations and the out-of-plane polarization of the incommensurate magnetic fluctuation at the nesting wave vector Q1 = (2/3π, 2/3π) but also nearly isotropic fluctuations near Q2 = (π/6, π/6). Furthermore, one finds that apart from the high-symmetry direction of the tetragonal Brillouin zone the magnetic anisotropy is maximal, i.e. χ xx = χ yy = χ zz . This is the consequence of the orbital anisotropy of the xz and yz orbitals in the momentum space. We also study how the magnetic anisotropy evolves in the presence of the strain and find strong Ising-like ferromagnetic fluctuations near the Lifshitz transition for the xy-band.
Introduction: Since its discovery in 1994, Strontium Ruthenate, Sr 2 RuO 4 , has been one of the few widely studied triplet superconductors 1, 2 . Many experimental results provide indirect evidence for a triplet state with a broken time-reversal symmetry and odd-parity Cooper pairs, although the 'smoking gun' experiment is still missing. Among these are the Knight shift measurements 3, 4 that are in agreement with polarized neutron scattering experiments 5 . There are also indications of the broken time-reversal symmetry by polar Kerr Effect measurements 6 . Further studies have been performed to describe the unconventional superconducting state in Sr 2 RuO 4 2,7-15 . Regarding the microscopic mechanism of the Cooper-pairing it is believed to be driven by the spin and charge fluctuations [16] [17] [18] where the multiorbital character of the bands plays an important role.
Recent experiments reveal that the transition temperature to the superconducting state in Sr 2 RuO 4 can be enhanced locally if pressure is applied [19] [20] [21] . A local enhancement of the transition at ∼ 1K was observed near lattice deformations 20 and more specifically, recent developments indicate an enhancement of T c up to T c = 3.4K under the application of pressure in the direction of the a-axis 22 . In addition, a phase transition from the superconducting state to a spin density wave state was later predicted for even larger values of strain 23 . This is a remarkable result, since Sr 2 RuO 4 is generally known to be sensitive to disorder 24 . One of the intriguing complications of Sr 2 RuO 4 is its multiorbital and multiband character as the Fermi surface (FS) of this system shows three bands and very likely not all of the FS pockets are contributing equally to the Cooper-pairing 25, 26 . For example, it was argued that the two mostly quasi-one-dimensional bands (xz and yz bands) with incommensurate AF spin and charge fluctuations may be driving superconductivity 17, 27 .
At the same time, other groups argue in favor of the dominant contribution to the Cooperpairing from the large electron pocket of the xy-character. It is centered near the Γ-point of the Brillouin Zone (BZ) 23 (γ-band) and lie close for the Van Hove singularity near (π, 0) and (0, π) points of the BZ [28] [29] [30] [31] . Furthermore, the role of orbital versus band description of superconductivity was also discussed 32 . The γ-band is believed to be mainly affected by the application of anisotropic strain, consequently, the increase of T c upon strain is mainly attributed to this band 10 . Further complexity in Sr 2 RuO 4 comes from the relatively strong spin-orbit coupling in this system as confirmed by NMR 4 , neutron scattering 33 and spin-resolved ARPES
34
experiments. Furthermore, spin-orbit coupling plays also an important role in determining the characteristics of the superconducting state 15, 35, 36 .
In this paper, we study the evolution of the magnetic anisotropy of the spin susceptibility in Sr 2 RuO 4 in the presence of spin-orbit coupling and anisotropic strain using the tight-binding model fitted to the available ARPES results 37 . We compute the components of the spin susceptibility to obtain the full structure of the spin anisotropy within the itinerant description for the Hubbard-Hund type of the interaction model. Our results show clear anisotropy of the different components of the spin susceptibility enhanced by the interaction effects. Furthermore, we show that upon the strain application the character of the anisotropy changes, which should be also reflected in the character of the Cooper-pairing wave function.
Model and methods:
The crystal field of the O 2− oxygen ions breaks the degeneracy of the 4d states of Ru 4+ into two subshells, the threefold t 2g orbitals and the twofold e g orbitals. The orbital character of the FS is dominated by t 2g subshell which has a lower energy because the orbitals lobes point between the oxygen ions in contrast to the e g orbitals. The system is not particle-hole symmetric and has a relatively low effective bandwidth 38, 39 . In other words, there is one additional electron in the half-filled t 2g shell, or four electrons per site 40 . Recently, there have been detailed first-principles calculations on the electronic structure by self-consistent GW calculations 39, 41 . Moreover, a series of studies investigate the correlation effects of these materials [42] [43] [44] [45] . Later, detailed ARPES measurements 46 and de Haasvan Alphen experiments 47, 48 were shown to be consistent with LDA bands 49, 50 , renormalized due to correlations.
As a starting point, we use the effective three orbital model including the t 2g orbital manifold:
where orbital indexes are given by j = xz, yz, xy,
, where k and σ (σ = −σ) represent momentum and spin, respectively. The electronic dispersion is defined with the help of tight-binding parametrization
( 2) and the hopping parameters (t 1 = 88, t 2 = 9, t 3 = 80, t 4 = 40, t 5 = 5, µ = 109 (all in meV)) are fitted to the available ARPES experiments 37 . In addition, we include the onsite spin-orbit coupling 35, 36, 51 , H SOC = λS · L, where S and L are the spin and angular momentum operators.
Written in terms of the
xy↑ the spin-orbit coupling acquires the following form
and we employ λ = 35meV 37 . The diagonalization of the combined Hamiltonian, H = H 0 + H SOC , yields the electronic band-structure that shows two electron-like Fermi surface (FS) pockets around the Γ and a hole-like FS pocket around the M -point of the BZ 37 . The resulting Fermi surface topology and band-structure are shown in the insets of Fig. 1(a) and Fig. 1(b) , respectively. The interaction part of the Hamiltonian contains the on-site Hubbard-Hund type interactions, written in terms (Colour online) Calculated imaginary part of the longitudinal and transverse components of the RPA spin susceptibility at the antiferromagnetic wavevector Q1 = (2π/3, 2π/3) (a) and Q2 = (π/6, π/6) (b). Insets shows the Fermi surface topology the electronic dispersion along high-symmetry lines, respectively.
of Hubbard intra-(U ) and inter-(U ) orbital terms as well as the residual Hund coupling, J.
The physical components of the spin susceptibility are given by
where k = k + q, and σ u=x,y,z are the Pauli matrices. Here, q, p, s, t and α, β, γ, δ are the orbital and the spin indexes, respectively. The Green's function is defined by
where the transformation from the orbital and the spin basis to the band pseudospin basis is performed by substitution of
Here, a sσ (i, k) is the matrix-element that connects band (i) and orbital (s). Performing the Matsubara frequency sum over iω n −→ ω + i0 + , the expression for the components of the bare susceptibility in the multi-orbital case, is given by
here the anisotropy of the susceptibility enters through the orbital-and spin-dressing factor
that implies summation over the repeated indexes. On the diagrammatic level, the bare susceptibility can be also written as:
where we define the following notation for the diagrams
This allows to write each components within shorthand notation as
Again, for the physical part of the susceptibility, the summation of indexes is implied. Here for zero spin-orbit coupling, λ = 0, the first two bubbles of each component have the same value while the last two bubbles of each component vanish, ensuring the O(3) symmetry of the system. If spin-orbit coupling acts only among the d xz and d yz orbitals, the only term is λS z L z and already leads to a splitting of the transverse and longitudinal part of the susceptibility, χ The diagrammatic treatment for the random phase approximation needs to be done separately for the longitudinal (zz) and the transverse (xx, yy) components of the spin susceptibility. In particular, one finds 
Here, each entry of the matrix is a tensor with four orbital indexes {pqst}, and the summation over orbital indexes for the physical part of the susceptibility has to be performed at the end. Furthermore, the matrix equations in the spin space can be decoupled by applying the similarity transformation, S = (σ x + σ z )/ √ 2, which yields four de- The two straight lines defined by the endpoints of (Qi −δq, Qi + δq), i = 1, 2, are visualised in Fig. 2(f) .
coupled equations. The three equations that correspond to the spin susceptibility are written below, (12) where uu = xx, yy, zz. Furthermore, U s ≡ U ↑↑ ↑↑ − U ↑↑ ↓↓ = U ↑↓ ↑↓ contains the Hubbard-type on-site interactions U , J and U = U − 2J. In particular, U (U ) is the intra-(inter-) orbital Coulomb repulsion, and J represents Hund's coupling. The tensor U s is given by
Numerical results: The well-known fact of the electronic structure of the Sr 2 RuO 4 is the nesting of the quasi-one dimensional xz, and yz-bands at the incommensurate wave vector Q 1 16 . In the inelastic neutron scattering this nesting yields the incommensurate magnetic fluctuations peaked at ω sf = 6meV, which are polarized along z-direction. The parameters of the non-interacting Hamiltonian are fixed in our case by the fit to the ARPES experiments 37 . Thus we employ U = 0.12eV and J = 0.25U to reproduce the frequency position of 6meV of the incommensurate spin fluctuations at Q 1 in the longitudinal response, as shown in Fig.1(a) . At the next step we find that the transverse fluctuations are peaked at more or less the same frequency but appear to be with factor 2 smaller intensity, which again agrees very well with the neutron scattering data 33 . Analysing each component of the RPA susceptibility in detail we find that the easy-axis (z) polarization of the incommensurate AF fluctuation at Q 1 occurs due to the dominant interband nesting of the xz (yz) bands.
As it is generally believed that the pure AF fluctuation cannot be responsible for the triplet character of the Cooper-pairing, we have analysed the behaviour of the spin response in the entire BZ. In particular, in Fig. 2 we show the results of the RPA physical susceptibility and its anisotropy in the first BZ. In addition to the incommensurate AF fluctuations at Q 1 we also find dispersing magnetic excitation, peaked at much smaller momentum Q 2 = (π/6, π/6). These small q excitations originate mostly from the xy-band and were also observed previously experimentally as a quite broad feature 52 . As a consequence of this, they are weakly anisotropic, as shown in Fig.1(b) and for the value of the interactions employed are peaked at energies of about 7.5meV. Surprisingly their intensity appears to have similar magnitude as the excitations at Q 1 and therefore they may play an important role for the Cooper-pairing.
Another interesting feature we see from near the M-point, yet χ xx < χ yy and χ xx > χ yy around X-, and Y-points, respectively, implying a breaking of the in-plane symmetry of the spin susceptibility. Note that such an anisotropy of the spin fluctuations is related to the spin-orbit coupling that transfers the highly anisotropic orbital character of the xz, and yz-orbitals to the spin subspace. Theses anisotropies should be maximally seen in the dispersion of the both excitations at Q 1 and Q 2 , which we present in Fig.4 .
Observe that this anisotropy should become strongly visible once the strain is applied. In the following we include its effect on the electronic structure via anisotropic intra-orbital hopping parameters along x and y direction of the kinetic part of the Hamiltonian, such that it breaks the C 4 symmetry of the system, similar to Ref. 22 . We find that for 2.65% strain the Fermi surface of the xyband touches the Van Hove singularity at the Y point.
Although all FS pockets are just C 2 symmetric under strain, the larger electron band around Γ is distorted significantly 23 and is responsible for the sharp increase of states at the Fermi level which can be seen in Fig. 4(a) . For strain values close to the Van Hove singularity, we find that the dominating peak of the real part of the magnetic response shifts from Q 2 to the ferromagnetic ones q = 0 and has an Ising like character. As a consequence, the Ising ferromagnetic instability at q = (0, 0) is much larger than the one for Q 1 and Q 2 , implying that the magnetic moments point towards the y-direction.
Conclusion:
To conclude we study the anisotropy of the spin fluctuations in Sr 2 RuO4 in the presence of spin-orbit coupling and anisotropic strain using quasi-two-dimensional tight-binding parametrization fitted to the ARPES results. Similar to the previous observations we find the in-plane polarization of the low q magnetic fluctuations and the out-of-plane polarization of the incommensurate magnetic fluctuation at the nesting wave vector Q 1 = (2/3π, 2/3π). Most importantly we also find strong fluctuations near much smaller wave vector Q 2 = (π/6, π/6), which shows very weak anisotropy. Furthermore, one finds that apart from the high-symmetry direction of the tetragonal Brillouin zone the magnetic anisotropy is maximal, i.e. χ xx = χ yy = χ zz . This is the consequence of the orbital anisotropy of the xz and yz orbitals in the momentum space. We also study how the magnetic anisotropy evolves in the presence of the strain and finds strong Ising-like ferromagnetic fluctuations which appear when the xy-band touches the Van Hove point at the Y -point of the BZ.
